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SYMBOLS 


a  Airfoil  lift  curve  slope,  /rad. 

&Q  Rotor  blade  precone  eagle 

b  Humber  of  rotor  blades 

B  Tip  loss  factor 

c  Blade  chord 

El  Blade  bending  stiffness,  lb-in2 

g  Gravitational  units,  52*2  ft/sec2 

G  Damping  factor 

2 

GJ  Blade  torsional  stiffness,  lb- in 

h  Tip  engine  thrust  offset  from  the  blade  chord  line,  in. 

2 

Mass  moment  of  inertia  of  the  engine  rotating  parts,  lb- in- sec 

Unit  mass  moment  of  inertia  of  a  blade  section  about  a  vertical 
axis  through  the  section  feathering  axis,  lb-ln-sec*/in. 

k  Ratio  of  blade  torsional  stiffness  to  root  control  spring 
stiffness,  (GJ/R )/k 

C 

k  Root  control  spring  stiffness,  lb- in/ rad. 

n  Load  factor,  nultiplea  of  g 

Q  Torque 

r  Radial  distance  from  the  rotor  centerline  of  rotation  to  a 

point  on  the  blade 

R  Rotor  radius 

T  Rotor  thrust,  lb. 

Tip  angina  thrust,  lb. 

Tip  speed,  f.p.a. 

V  Weight,  lb. 
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SYMBOLS  (CONTINUED) 


Pitch- flap  coupling  angle 
8  Blade  geometric  pitch 

0_  Blade  twist,  positive  if  the  geometric  angle  at  the  tip  is 
greater  than  at  the  root 

X  Rotor  inflow  parameter 

p  Mr  mass  density,  slugs/ ft^ 

*  Rotor  blade  azimuth  angle,  measured  in  direction  of  rotation 

from  an  aft  position  in  the  rotor  disk 

82  Angular  velocity  of  the  engine  rotating  parts,  rad/sec. 

fl,  8^  Rotor  angular  velocity,  rad/ sec. 
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1.0  SUlittHY 


The  studies  discussed  in  this  report  pertain  to  dynamic  and  aeroelastic 
phenomena  of  the  rotor  system  for  a  heavy-lift  helicopter  employing 
turbojet  engines  mounted  at  the  tips  of  the  rotor  blades.  A  majority  of 
the  rotor  blade  frequency  and  blade  flutter  boundary  work  has  been  accom¬ 
plished  using  a  lumped  mass  rotor  blade  simulation  on  a  direct  analog 
computer  and  is  completely  documented  in  Reference  1.  The  important 
results  of  these  studies  as  veil  as  other  dynamic  investigations  which  are 
necessary  to  insure  adequate  helicopter  performance  are  included  in  this 
report.  The  scope  of  the  material  covered  herein  is  summarized  in  the 
following  paragraphs. 

»■ 

1.1  Uncoupled  and  Coupled  Rotor  Blade  Frequencies 

Two  independent  methods  have  been  used  to  obtain  coupled  and  uncoupled 
rotor  blade  frequencies.  The  first  three  uncoupled  flapvise,  cbordvise, 
and  torsional  natural  frequencies  have  been  calculated  using  a  lumped 
mass  simulation  of  the  rotor  blade  and  employing  standard  digital  computer 
matrix  iteration  techniques  to  obtain  both  the  frequencies  and  normalized 
mode  shapes.  Completely  coupled  rotor  blade  frequencies  have  been  experi¬ 
mentally  determined  using  the  direct  analog  computer  simulation  described 
in  Reference  1.  The  uncoupled  flapvise  and  ohordwise  frequencies  are 
plotted  versus  rotor  angular  velocity  in  order  to  provide  a  visual  picture 
of  frequency  placement  to  avoid  rotor  speed  harmonics.  A  comparison  is 
also  made  at  the  Uncoupled  and  coupled  frequencies  to  determine  both  the 
*  effect  of  complete  coupling  on  frequencies  and  to  compare  the  frequencies 
arrived  at  by  using  the  two  methods  mentioned. 

1.2  Periodic  Engine  Thrust 

The  effect  of  a  periodically  changing  engine  inlet  environment  for  all 
flight  conditions  except  hover  is  discussed  in  tern  of  engine  alternat¬ 
ing  thrust.  It  is  difficult  to  treat  this  problem  accurately  since  the 
tip  engines  are  to  he  governed,  hut  a  qualitative  discussion  is  presented 
which  points  out  an  order  of  magnitude  of  in-plane  excitation  which  could 
result  during  forward  flight. 

1.3  Vibrations  Resulting  from  One  Engine  Inoperative 

The  symmetry  which  exists  for  the  four  rotor  blades  when  all  eight  tip 
engines  are  operating  properly  is  obviously  destroyed  if  any  one  engine 
fails  and  the  rmsalnlng  seven  continue  to  operate.  Discussions  are 
presented  which  consider  the  effect  of  unsyrmetrieel  in-plane  blade 
deflection  as  well  as  unayaeetrlcal  torsional  deflection  of  the  blade 
supporting  the  inoperative  engine  as  it  compares  with  the  otter  three 
blades.  A  hover  condition  at  design  gross  weight  is  used  for  this  analy¬ 
sis  so  that  the  periodic  loads  which  result  with  one  engine  out  ere  not 
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confused  with  other  periodic  loads  which  result  at  forward  speed.  Since 
this  study  is  directed  toward  determination  of  the  order  of  magnitude  of 
excitation  which  could  occur  in  the  case  of  an  engine  failure,  the  borer 
condition  is  adequate. 

1.4  Mechanical  Instability 

A  discussion  pertaining  to  the  avoidance  of  the  phenomenon  known  as  ground 
resonance  is  presented.  The  rotor  design  under  consideration  uses  the 
ground  resonance  avoidance  practice  of  designing  for  a  first  in-plane 
rotating  frequency  which  is  above  one  cycle  per  revolution  of  the  rotor. 
Bata  are  presented  which  show  the  effect  of  collective  pitch  on  the  first 
in-plane  frequency  for  the  coupled  rotor  blade  simulation  of  Reference  1. 

A  simplified  analysis  of  the  effect  of  a  blade  tip-mounted  gyroscope 
(engine  rotating  parts)  is  presented  so  that  the  effect  of  this  gyroscope 
on  frequency  can  be  estimated.  This  gyroscope  analysis  is  presented  to 
compare  the  relative  influence  on  blade  frequency  of  the  engine  turbine 
and  compressor  as  a  non  rotating  mass  as  opposed  to  a  rotating  mass. 

1.5  Torsional  Divergence 

A  simplified  approach  to  rotor  blade  torsional  divergence,  which  aesuses 
no  flapwiee  or  in-plane  motion  of  the  blade,  is  presented.  The  effects 
of  a  tip  mess  and  a  root  control  spring  are  included  as  well  as  a  tapered 
blade  torsiooal  stiffness .  A  sample  calculation  of  the  rotor  tip  speed  at 
which  torsional  divergence  would  occur  is  presented  using  the  same  blade 
properties  which  are  used  in  the  rotor  blade  flutter  study. 

1.6  Special  Dynamic  Considerations 

Any  helicopter  is  likely  to  have  design  concepts  which  Introduce  dynamic 
phenomena  peculiar  to  that  helicopter.  Two  such  phenomena  are  considered 
in  this  report.  The  very  lev  rotor  angular  velocity  makes  it  possible 
for  the  pilot  to  excite  the  first  in-plane  cyclic  mode  of  the  blades,  and 
a  discussion  is  presented  which  describes  the  condition  with  comments  on 
the  seriousness  of  the  problem.  The  concept  of  a  heavy -lift  helicopter 
presents  the  possibility  of  carrying  cargo  as  a  slung  load  suspended 
beneath  the  helicopter.  A  discussion  of  the  possible  Influence  of  this 
suspended  cargo  upon  blade  dynamics  is  included. 

1.7  Rotor  Blade  Flutter 


Reference  1  presents  results  of  a  direct  analog  computer  study  which 
includes  a  variation  of  parameters  investigation  of  rotor  blade  flutter. 
The  significant  details  of  this  itudy  have  been  extracted  from  Refer¬ 
ence  1  and  are  discussed  in  this  report.  The  methods  employed  for  the 
determination  of  flutter  boundaries  is  described  as  well  as  tha  helicopter 
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flight  conditions  considered.  The  influence  of  root  control  spring  stiff¬ 
ness,  tip  veight  location,  pitch-flap  coupling  (63)*  blade  elastic  axis 
location,  tip  engine  gyroscopics,  blade  chord  and  blade  stiffness  vari¬ 
ations  on  blade  aerodynamic  damping  are  discussed. 
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2.0  OOMCUISIOHS 


The  dynastic  and  aeroeleatic  behavior  of  the  faur-bladed  universally 
teetering  rotor  system  proposed  for  the  heavy-lift  tip  turbojet  helicop¬ 
ter  is  discussed  and  evaluated  in  this  report.  The  conclusions  concern¬ 
ing  the  dynamic  adequacy  of  the  rotor  system  are  outlined  in  the  follow¬ 
ing  paragraphs  for  all  phases  of  the  dynamic  investigations  presented  in 
this  report. 

2.1  Uncoupled  and  Coupled  Rotor  Blade  Frequencies 

A  comparison  of  uncoupled  and  coupled  rotor  blade  frequencies,  calculated 
using  Independent  methods,  indicates  that  flap  vise  frequencies  can  be 
satisfactorily  approximated  using  an  uncoupled  model  of  the  rotor  blade 
whereas  coupling  has  a  more  pronounced  effect  on  in-plane  frequencies. 

Tbs  frequency  of  primary  interest  from  both  a  loading  and  dynamic  point 
Of  view  is  the  first  cyclic  in-plane  frequency.  The  flap  vise/in-plane 
coupling  Increases  with  collective  pitch  to  reduce  this  frequency  by  l6 
percent  from  minimum  to  maximum  collective  pitch  settings. 

The  natural  frequency  study  presented  in  Reference  1  shows  that  the  first 
six  coupled  cyclic  and  collective  modes  avoid  resonance  with  their  re¬ 
spective  airload  excitation  harmonics  throughout  the  collective  pitch 
range. 

2.2  Periodic  Bagine  Thrust 

The  thrust  of  the  tip  engines  will  vary  periodically  with  rotor  azimuth 
position  for  all  helicopter  flight  conditions  except  hover  and  vertical 
flight.  The  magnitude  and  phasing  of  this  thrust  variation  will  depend 
largely  upon  the  engine-governor  dynamics,  which  have  not  been  thorough¬ 
ly  Investigated  at  this  time.  The  quantitative  effect  of  engine  inlet 
velocity  changes  on  the  engine  alone  i3  to  change  the  engine  thrust  by 
a  lesser  amount  than  the  periodic  variation  of  engine  nacelle  drag,  and 
so  the  thrust  variation  should  not  be  of  primary  concern. 

2.3  Vibrations  Resulting  from  One  Engine  Inoperative 

The  loss  of  one  engine  in  flight  would  cause  an  in-plane  circular  motion 
of  the  rotor  system  and  an  out-of- track  condition.  The  in-plane  motion 
at  one  cycle  per  rotor  revolution  would  result  from  a  rotor  system  center- 
of-gravlty  movement  away  from  the  centerline  of  rotation  due  to  unsym- 
metrical  in-plane  bending  of  the  four  blades.  The  rotating  load  due  to 
this  center-of-gravity  displacement  is  in  phase  with  the  rotating  unbal¬ 
anced  engine  thrust  vector.  The  net  load  for  a  hover  condition  at  design 
gross  weight  will  probably  not  exceed  2,000  pounds,  which  is  small  com¬ 
pared  with  the  gross  weight  of  the  aircraft.  With  an  adequate  rotor 
isolation  system,  this  rotating  force  should  be  virtually  unfelt  in  the 
fuselage . 
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The  out-of-track  condition  would  result  from  a  pitch  angle  change  on 
only  the  one  blade  supporting  the  inoperative  engine.  The  helicopter 
roughness  which  would  result,  however,  Is  not  expected  to  be  more  severe 
than  that  caused  by  occasional  out-of-track  conditions  for  smaller  hel¬ 
icopters  . 

2.k  Mechanical  Instability 

Ground  resonance,  which  is  caused  by  a  first  cyclic  in-plane  natural 
frequency  which  is  close  to  one  cycle  per  rotor  revolution,  will  be 
avoided  with  the  proposed  helicopter  by  designing  the  rotor  blades  to 
have  a  first  cyclic  in-plane  frequency  well  above  one  cycle  per  revolu¬ 
tion.  Increasing  collective  pitch  tends  to  lower  this  frequency  due  to 
flapwlse/in-plane  coupling,  and  so  design  steps  have  been  taken  to  assure 
a  frequency  margin  throughout  the  collective  pitch  range.  The  influence 
of  the  engine  rotating  parts  is  shown  to  have  negligible  effect  upon  this 
frequency. 

2.5  TOrslonal  Divergence 

The  prospective  location  of  the  rotor  blade  shear  center  ahead  of  the 
blade  section  center  of  pressure  makes  the  pure  torsional  divergence 
problem  nonexistent .  The  torsional  stiffnesses  of  the  proposed  rotor 
blade  and  root  control  spring,  however,  are  large  enough  that  the  di¬ 
vergence  tip  speed  would  be  far  above  normal  rotor  speed  even  if  the 
shear  center  were  located  15  percent  of  the  chord  aft  of  the  center  of 
pressure. 

2.6  Special  Dynamic  Considerations 

Due  to  the  low  first  cyclic  in-plane  natural  frequency  of  the  rotor 
blades,  it  is  well  within  pilot  capability  to  perform  a  cyclic  stick 
whirl  which  will  excite  this  mode.  This  condition  cannot  be  avoided  and 
so  is  considered  a  design  condition. 

The  possibility  of  carrying  cargo  which  is  slung  beneath  the  helicopter 
has  been  investigated  from  tne  standpoint  of  dynamic  coupling  with  rotor 
blade  frequencies.  The  frequency  of  oscillation  of  such  a  sling  load 
would  be  so  far  below  any  frequencies  of  the  rotor  system  that  no  effects 
on  rotor  dynamics  are  expected. 

2.7  Rotor  Blade  Flutter 


The  rotor  system  as  presently  designed  possesses  positive  damping  for 
all  modes  of  vibration  investigated  in  Reference  1.  A  variation  of  para¬ 
meters  study  on  blade  flutter  points  out  the  following  danplng  changes 
as  functions  of  parameter  changes. 

a)  The  second  cyclic  mode  (first  in-plane  mode)  would  be  the  first  mode 
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to  become  unstable  with  decreasing  root  control  spring  stiffness. 

This  spring  would  have  to  about  0.1  of  its  design  stiffness  to 
approach  the  stability  boundary. 

b)  A  chordvise  movement  of  the  blade  tip  mass  from  the  nominal  design 
location  (0.22  chord )  affects  the  damping  of  various  modes  in  dif¬ 
ferent  ways.  In  no  case  does  the  blade  flutter  for  center-of- 
gravity  locations  between  l6  percent  and  26  percent  of  the  chord. 

c)  An  increase  in  pitch- flap  coupling  (6^  angle)  decreases  the  aero¬ 

dynamic  damping  of  the  second  cyclic  mode.  For  a  structural  damp¬ 
ing  factor  of  .<9,  however,  this  mode  should  he  stable  for  angles 
up  to  45  degrees.  5 

d)  fhe  aerodynamic  damping  is  relatively  unchanged  with  small  chordvise 
variations  in  blade  shear  center. 

e)  The  rotational  speed  and  direction  of  rotation  of  the  engine  rotat¬ 
ing  parts  have  a  negligible  effect  upon  flutter  boundaries . 

f )  Increased  blade  chord  provides  an  increase  In  aerodynamic  damping 
tar  a  majority  of  the  modes  of  vibration  but  has  a  alight  destabiliz¬ 
ing  effect  on  the  second  cyclic,  sixth  cyclic,  and  the  sixth  collec¬ 
tive  modes. 

g)  A  flapwise  blade  stiffness  Increase  at  the  root  of  the  blade  has 
negligible  effect  on  damping. 
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3.0  RggfltgKDATIOXB 


The  following  recommendations  are  presented  to  complement  the  analytical 

studies  already  conducted  and  discussed  in  thla  import. 

a)  It  would  be  advantageous  to  study  the  dynamic  consequences  of 
engine  failure  operation  using  actual  hardware.  The  necessity 
of  pilot  corrective  action  (auch  aa  shutting  dove  an  engine  on 
the  opposing  blade)  can  beat  be  determined  on  a  flight  vehicle 
or  whirl  stand. 

b)  A  cyclic  control  whirl  study  using  actual  hardware  should  he  per- 
formed  to  determine  the  in-plane  bending  moments  which  result  from 
this  maneuver.  Since  these  momenta  are  inversely  proportional  to 
structural  damping,  it  is  necessary  to  determine  whether  Reference 
1  le  unconservative  by  assuming  that  0  •  .03. 

c)  The  flutter  analyses  performed  in  Reference  1  were  all  conducted 
far  normal  gross  weight.  Since  the  ratio  of  minimum  flying 
might  to  normal  gross  weight  la  relatively  low  far  thla  heli¬ 
copter,  additional  low  inflow  flutter  studies  should  be  performed 
to  Insure  flutter  stability  when  operating  at  lower  gross  weights. 
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4.0  DYKAKIC,  AEBOKLAfiTIC,  JUtP  FUmTO  STUDIES 

In  order  to  sake  possible  a  complete  parametric  study  of  rotor  blade 
dynasties,  a  direct  analog  computer  simulatior  was  made  of  the  tip  turbo¬ 
jet  rotor  system,  and  results  from  these  studies  are  recorded  in  Refer¬ 
ence  1.  Due  to  the  availability  of  this  analog  simulation,  several 
dynamic  studies,  not  directly  related  to  blade  flutter,  were  performed 
to  complement  the  calculated  data  pertaining  to  uncoupled  blade  motion. 

4.1  Rotor  Blade  Frequencies 

Hie  ilapviae,  in-plane,  and  torsional  natural  frequencies  of  the  rotor 
blades  have  been  determined  both  for  uncoupled  motion  with  the  blade  in 
flat  pitch  and  for  completely  coupled  motion,  including  aerodynamic  ef¬ 
fects,  on  the  direct  analog  computer.  Preliminary  work  in  this  area  vac 
concentrated  on  achieving  a  sufficiently  high  first  in-plane  frequency  so 
as  to  avoid  ground  resonance  problems  as  veil  as  large  chordwise  loads 
due  to  coe- cycle -per -revolution  harmonic  loads.  The  remaining  frequen¬ 
cies  were  determined  in  ensuing  work,  and  blade  properties  were  adjusted 
accordingly  to  avoid  resonance  with  rotor  speed  harmonics  larger  than  one 
cycle  per  revolution. 

4.1.1  Uncotpled  Frequencies 

The  first  three  uncoupled  flapvise,  chordwise,  and  torsional  frequencies 
have  been  calculated  using  the  blade  properties  plotted  in  figures  5  and 
6.  The  flapvise  and  cbordvise  frequencies  were  calculated  using  a  ten- 
station  lumped -mass  simulation  of  the  rotor  blade  and  standard  matrix 
iteration  procedures  such  as  those  in  Reference  2.  The  matrix  iteration 
procedure  produces  a  normalized  mode  shape  lbr  each  frequency  and  the 
effects  of  centrifugal  force  are  included.  Figures  9  and  10  show  the 
first  three  rotating  flapvise  end  chordwise  uncoupled  natural  frequencies 
as  functions  of  rotor  speed.  The  torsional  uncoupled  natural  frequencies 
of  the  rotor  blade  have  been  calculated  using  the  equivalent  torsional 
system  shown  in  Figure  11  vherein  the  blade  and  tip  mass  pitching  Iner¬ 
tias  are  lumped  into  seven  concentrated  masses  connected  by  weightless 
torsional  springs  which  represent  the  rotor  blade  torsional  stiffness. 

A  root  spring  of  100(l0)®  inch-pounds  per  radian  Is  used  to  simulate  the 
nominal  control  system  stiffness  as  requires,  by  the  current  design. 

The  three  flapvise  frequencies  plotted  in  Figure  9  are,  In  order  of 
Increasing  magnitude,  the  first  collective  (or  built-in)  mode,  the  first 
cyclic  mode,  and  the  second  collective  (or  built-in)  mode.  The  defini¬ 
tions  of  built-in,  cyclic,  end  collective  nodes  are  found  in  Reference  1 
and  pertain  to  root  restraint  conditions.  A  comparison  of  the  frequen¬ 
cies  in  Figure  9  at  nominal  hovering  tip  speed  with  the  results  in  Ref¬ 
erence  1  for  the  blade  tip  angle  of  0  degrees  shows  the  following. 
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Mode 


Collective 

Cyclic 

Collective 


Figure  9  Reference  1 
(Cyelet /Revolution ) 


Critical 

Excitation 

Harmonics 


nearest 

Excitation 

Harmonic 


1.20  l.l8 
3.50  3.30 
4.70  4.40 


2,4,6,8,10,.... 
1,3, 5, 7, 
2,4,6,8,10,.... 


2 

3 

4 


The  three  chordvise  frequencies  plotted  in  Figure  10  are,  in  order  of  in¬ 
creasing  magnitude,  a  cyclic  (or  built-in)  mode,  a  collective  mode,  and 
a  cyclic  (or  built-in)  mode.  A  comparison  of  the  frequencies  in  Figure 
10  at  nominal  hovering  tip  speed  with  the  results  in  Reference  1  for  the 
blade  tip  angle  of  0  degrees  shows  the  following. 


Mode 

Figure  10  Reference  1 

Critical 

Excitation 

Harmonics 

Re  are  st 
Excitation 
Harmonic 

Cyclic 

(Cycles/Revolution ) 

1.38  1.36 

1#2,3,5,6,7,... • 

1 

Collective 

6.81 

5.94 

. 

1,2,3,W,.... 

4  or  t 

Cyclic 

10.10 

9.12 

9 

A  Caspar  Ison  of  the  uncoupled  frequencies  of  Figures  9  and  10  with  the 
completely  coupled  frequencies  in  Reference  1  shows  adequate  agreement 
(less  than  7-percent  difference)  for  flapwise  modes,  while  the  cbordtrlse 
modes  shew  that  coupling  has  a  more  pronounced  effect  cm  in-plane  frequen¬ 
cies. 

The  first  three  non  rotating,  uncoupled  torsional  frequencies  of  the 
rotor  blade  have  been  calculated  using  the  equivalent  torsional  system 
shown  in  Figure  11.  Comparison  of  the  first  natural  frequency  with  that 
of  Reference  1  shows  that  centrifugal  force  has  only  a  small  effect  on 
torsional  frequency  and,  hence,  no  effort  has  been  made  to  calculate  these 
torsional  natural  frequencies  at  nominal  hovering  tip  speed.  The  first 
three  torsional  natural  frequencies  are  as  follows: 


Mode 

Uncoupled 

Reference  1 

First 

(ftonrotatlng ) 

7.54 

(Rotating) 

8.24 

Cycles/Revolution 

Second 

22.0 

mm 

M  It 

Third 

39.5 

m  m 

It  It 

The  non rotating  frequencies  are  given  as  cycles  per  revolution  at  nominal 
hovering  tip  speed  for  comparison  with  Reference  1  data. 
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4.1.2 


All  rotor  blade  coupled  natural  frequency  «#ork  baa  been  accoopliahed  on 
a  direct  analog  coogputer  using  the  blade  properties  plotted  in  figures  5 
and  6,  with  the  results  being  tabulated  and  plotted  in  Reference  1.  The 
scope  of  the  studies  discussed  in  Reference  1  is  far  too  large  to  repeat 
in  this  report,  but  the  first  six  natural  frequencies  for  each  of  the 
blade  root  restraint  conditions  are  repeated  in  Table  1  for  convenience . 
The  selected  conditions  represent  zero  forward  flight  conditions  which 
include  aerodynamics,  centrifugal  force  effects  (for  nominal  hovering 
tip  speed),  and  engine  gyroscopic  effects.  These  conditions  are  sunaa- 
rlxed  in  Table  4,  but  it  aust  be  kept  in  Bind  that  the  condition  entitled 
"Maxima  negative  Collective  Pitch"  la  a  fictitious  condition  uaad  only 
for  the  flutter  study  since  the  lower  Halt  for  collective  pitch  ie  en¬ 
visioned  to  be  0  degrees  at  0.75  radius  and  not  -5  degrees. 


Condition 

Mode 

U 

Hover 

2.5g 

Hover 

Mariana 

Vertical 

Climb 

legative 

Collective 

Pitch 

Cyclic 

*•1 

1.09 

1.09 

1.10 

1.09 

x-1 

1.24 

1.12 

1.18 

l.lB 

z-2 

3.52 

3.68 

3.61 

3.40 

z-3 

7.30 

7.02 

7.17 

7.38 

0-1 

8.35 

8.58 

8.57 

8.25 

x-2 

8.86 

8.84 

8.84 

9.05 

Collective 

z-1 

1.25 

1.26 

1.25 

1.24 

z-2 

4.53 

4.48 

4.51 

4.51 

x-1 

5.87 

5.87 

5.90 

5.90 

0-1 

8.22 

8.14 

8.18 

8.11 

z-3 

9.57 

9.52 

9.49 

9.56 

z-4 

14.68 

14.49 

14.39 

15.46 

Built-In 

z-1 

1.18 

1.11 

1.14 

1.25 

x-1 

1.38 

1.48 

1.40 

1.36 

z-2 

4.53 

4.50 

4.53 

4.53 

0-1 

8.24 

8,08 

8,24 

8.11 

x-2 

8.90 

8.86 

8.90 

8.87 

z-3 

9.67 

9.62 

9.58 

9.73 

♦ 
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All  frequencies  are  given  in  cycle*  per  revelation  at  noart nal  hovering 
rotor  speed.  The  node  designation*  are  defined  in  Reference  1  and,  in 
general,  specify  flapiri.se  node*  (*),  in-plane  node*  (x),  and  torsional 
node*  («). 

Reference  1  also  present*  data  which  shove  the  effect  of  collective  pitch 
on  coupled  flapvise  and  ln-plane  frequencies  which  are  located  nearest 
to  critical  excitation  hanaonica.  This  investigation  was  conducted  with 
no  aerodynamics  on  the  rotor  blade  and  tip  engines  inoperative  so  as  to 
show  the  coupling  effect  of  variable  collective  pitch  only.  Figure  12 
is  a  composite  copy  of  the  curves  in  Reference  1  which  suamarire  this 
study.  These  curves  show  that  both  the  first  cyclic  ln-plane  node  and 
the  third  cyclic  flap vise  node  are  nearer  to  their  critical  excitation 
hsmonlcs  for  large  values  of  collective  pitch  than  they  are  for  flat 
pitch  or  Ig  hovering  collective  pitch,  but  neither  curve  crosses  its 
resonance  harmonic.  Reference  1  also  points  out  that  this  collective 
pitch  coupling  which  degrades  the  first  cyclic  ln-plane  node  can  he  adn- 
inised  by  increasing  the  flapvise  stiffness  in  the  root  area.  This  fact 
has  Influenced  the  root  stiffness  buildup  shown  in  Figure  5. 

k.2  Periodic  Engine  Thrust 


Bach  of  tiie  four  blades  experiences  a  one  cycle  per  rotor  revolution 
induced  and  profile  dreg  excitation  when  the  helicopter  ia  in  forward 
flight  due  to  the  variation  of  tip  speed  and  induced  velocity  with  aal- 
nuth.  Since  the  engines  operate  on  the  tips  of  the  rotor  blades,  they 
can  be  expected  to  experience  a  periodic  thrust  variation  due  to  variable 
engine  inlet  velocity  occurring  in  forward  flight. 

The  turbojet  engines  are  to  be  governed  to  Maintain  constant  rotor  speed 
and  the  governing  device,  in  combination  with  the  ungovemed  engine  dy¬ 
namics,  will  Influence  this  periodic  engine  thrust.  DO  literature  or 
completed  studies  are  available  at  this  tine  to  evaluate  this  phenomenon, 
but  an  order  of  magnitude  calculation  can  be  node  to  establish  the  sig¬ 
nificance  of  tiila  excitation  source. 

If  the  rotor  tip  speed  is  assumed  to  be  592  feet  per  second  in  forward 
flight  and  the  helicopter  is  flying  at  its  wax  1  maw  design  level  flight 
speed  of  125  wiles  per  hour,  the  relative  engine  inlet  velocities  of  the 
advancing  blade  (<r  ■  90  degrees)  and  the  retreating  blade  (t  •  270  de¬ 
grees)  are  as  follows: 

Vjo  *  592  ♦  ■  775  t. p.«. 

V270-  592  -  22^  -  «9  t .p... 

If  it  vert  further  assumed  that  the  engine  component  transfer  functions 
have  sufficiently  swell  time  delay  characteristics  so  that  angina  reac¬ 
tion  tine  to  inlet  velocity  changes  is  wall  whan  coopered  with  the  time 
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required  for  one  rotor  revolution  (0.29  second),  then  the  engine  thrust 
variation  can  be  estivated  from  standard  engine  thrust  curves.  Jbr  a 
eoestsst  turbine  speed,  the  engine  thrust  change  between  islet  velocities 
of  k09  feet  per  second  ard  775  feet  per  second  would  be  from  esnroxlaatc- 
ly  1,580  pounds  of  thrust  to  1,580  pounds  for  turbine  speed.  The 

aerodynamic  nacelle  dreg  variations  with  aziauth  in  forward  flight  art 
larger  than  the  combined  thrust  variations  of  both  engines  on  one  blade 
tip  «ad,  bailee,  periodic  engine  thrust  variations  appear  to  be  second 
order  quantities. 

*i.5  Vibrations  Resulting  frost  One  aagfme  Inoperative 
*1.5*1  In-Plane  ttccltatton 


There  are  several  possible  courses  which  asp  be  taken  in  the  event  of 
engine  failure.  One  of  these  night  be  a  pilot-performed  action  of  shut¬ 
ting  down  the  corresponding  engine  on  the  opposing  blade  so  as  to  bring 
engine  thrust  forces  end  blade  deflected  positions  into  a  state  of  eym- 
netry  end  thus  avoid  force  unbalance  in  the  rotating  system.  Another 
coarse  of  action  would  be  to  continue  engine  governing  to  maintain  rotor 
speed,  in  which  case  the  renaming  engines  would  be  required  to  deliver 
worm  thrust.  This  second  alternative,  of  oourse,  would  remit  in  unbal¬ 
anced  in-plane  forces  In  tbs  rotating  system  and  would  add  to  the  rough¬ 
ness  of  flight  to  sons  degree.  The  forces  resulting  from  this  second 
alternative  are  considered  here  with  their  possible  consequences . 

If  the  helicopter  is  assumed  to  be  hovering  at  design  gross  weight  and 
normal  hovering  tip  speed  (620  feet  per  second),  the  engine  thrust  re¬ 
quired  for  equilibrium  is  1,010  pounds  per  engine,  or  8,080  pounds  total 
for  eight  tip  engines.  If  the  remaining  seven  engines  following  an  an¬ 
gina  failure  are  assumed  to  be  governed  exactly  silks  until  equilibrium 
is  restored,  each  of  these  engines  mat  increase  its  thrust  to  8,060/7  • 
l,12*t  pounds.  Including  a  nacelle  drag  on  each  blade  tip  of  3l6  pounds, 
the  equilibrium  rotor  configuration  would  appear  similar  to  that  shown  in 
figure  1. 

A  summation  of  moments  about  the  centerline  of  rotation  in  figure  1  veri¬ 
fies  equilibrium  for  R"  36  fast  as  follows  i 

N  -  6TS[3(1,99S>  *  OBJ  -  Vjf  10.i*t  (^5)  rtr 

N  -  it, 579,008  .  lO.lMiTa^ 

N  •  *1,979.008  .  It, 979,0fc  «  0 

Using  the  ehordvlse  stiffness  curve  in  figure  2#  the  in-plane  deflection 
of  eaob  blade  can  be  calculated  for  the  loads  shown  in  figure  1,  Then 
using  the  blade  weight  distribution  in  figure  6  along  with  a  tip  weight 
of  1,200  pounds  on  each  blade,  a  esnttr-ef-gravity  movement  sway  from  the 
•sntwlias  of  rotation  oan  be  estimated ,  Performing  this  calculation  in. 
dicatcc  a  eenter.of-gravity  movement  of  0«13  lashes  in  the  0*dsgree  asl. 
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Figure  1*  Rotor  Equilibrium,  One  logins  Inoperative , 


autfc  direction  if  the  blade  with  one  engine  Inoperative  Is  assuaed  to  be 
In  the  90 -degree  axleuth  poeltlon  shewn  In  Figure  1.  Since  a  emanation 
of  engine  thrust  vectors  gives  an  unbalanced  force  of  1^15^  pounds  at  the 
centerline  of  rotation  and  in  the  0 -degree  aslnuth  direction,  the  rotat¬ 
ing  centrifugal  force  vector  due  to  a  displaced  oenter  of  gravity  Is  In 
phase  vlth  the  rotating  engine  thrust  vector  giving  a  total  rotating  load 
at  the  rotor  hub  as  follows: 

F  «  1^2 

where:  -  total  rotor  group  weight,  lb* 

S  -  oenter  of  gravity  displacement,  in, 
fi  •  rotor  angular  velocity,  red/ sec, 

Af|  -  unbalanced  engine  thrust,  lb. 
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.»5*  ♦  1,15*>  tt. 


The  rotor  group  weight  is  lose  than  20,000  pounds  sad  so  the  rotating 
fhree  vector  due  to  one  engine  out  In  hover  should  not  exceed  2,000 
pounds. 


The  dynamic  consequences  of  this  rotating  force  vector  are  not  unlike  the 
harmonic  loads  at  the  rotor  huh  created  in  forward  flight.  If  the  isola¬ 
tion  between  the  rotating  nass  and  the  suspended  nass  (fuselage)  resulted 
In  a  natural  frequency  close  to  one  cycle  per  revolution  of  the  main 
rotor,  the  effect  of  the  rotating  force  oould  be  amplified  to«the  extent 
Of  creating  uncomfortable  load  factors  In  tbs  suspended  mss.  With  ade¬ 
quate  rotor  isolation,  however,  this  rotating  force  at  the  rotor  hub 
should  be  virtually  unfelt  In  the  fuselage. 

h. 3.2  Flspwlse  Recitation 

In  addition  to  the  in-plane  excitation  which  could  remit  with  one  engine 
inoperative,  there  is  also  a  possibility  of  vertical  excitation  at  the 
rotor  bub  caused  by  sn  out-of-track  condition.  The  rotor  blades  arc  de¬ 
signed  to  incorporate  a  10-degree,  built-in  twist.  The  failure  of  one  or 
both  of  the  tip  engines  on  any  Made  will  result  In  a  change  in  torsion 
at  the  blade  tip  and  hence  a  change  In  effective  twist  of  the  blade.  In 
order  to  evaluate  the  effect  of  an  angina  failure,  it  la  necessary  to 
calculate  the  change  in  blade  twist.  Consider  Figure  2  aa  representing 
a  segment  of  a  rotor  blade  which  is  dr  Inches  in  length  and  located  a  dis¬ 
tance  of  r  inches  fron  the  centerline  cf  rotation. 


r 


Figure  2.  Rotor  Blade  Section. 

By  definition: 

•  *  Geometric  blade  pitch,  ♦  nose  up,  rad. 

r 

§2  *  Built-in  blade  tvlet,  ♦  when  tip  angle  exceeds  root  angle,  rad. 

at(r)  *  Torsion  due  to  section  centrifugal  centering  and  rigid  blade 
coning,  ♦  nose  down,  ln-lb. 
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It  can  be  written  that  0  »  S'  ♦  £  8_  (1) 

r  r  H  T  '  ' 

where  S'  can  be  thought  of  as  being  the  geowet rle  blade  pitch  at  station 
r  If  the  blade  had  no  built-in  twist. 


*»•  er+  d0r  *  *r*  $3  **  *  TT  ®T 

Subtracting  (l)  Aron  (2)  and  dividing  by  dr  gives 

IF  “  BJ  R  ** 

Differentiating  (l)  gives 

dS  dS*  , 

F  V  It 


equating  (3)  and  (4)  gives 

^  dS'  dS 

°"r  °*r  i 

O  ’F'F'lS 


from  which  It  follows  that 

aV 

T 


A 


dr 


dr 


But!  ,(r)  -  dQ/dr  -  Al  Af  ♦  «0»#*  A 


n(r)  «  dQ/dr  •  a^A;  ♦ 


Al  a2: 


T  0  0 


(2) 

(3) 

(M 


(3) 

(6) 


where: 


•o’ 

S- 

X  - 


Q  - 


aass  aoment  of  Inertia  of  the  section  about  a  vertical 
axis  through  the  section  canter  of  gravity,  in-lb^aec2, 

ness  of  the  blade  section,  lv  see  /in. 

rotor  blade  coning  angle,  rad. 

blade  section  center  of  gravity  with  respect  to  the 
feathering  axle,  ♦  forward,  la. 

rotor  angular  velocity,  red/aeo. 


Substituting  (6)  into  (3)  and  rearranging  gives i 


A; 


a  aftx  Q2 

*-£ir r 


(7) 
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(8) 


o  Al  fl2  a * 1  C2 

Denoting  if  -  — gj—  and  \  -  — 

Equation  (7)  can  be  written  as 

4*«:  ,  ,  f  l »-  v 

rr  A  ■  (-Xs  •  x)r 


Xpaation  (6)  has  the  known  solution 


•  A  ooah  ♦  1  ainh  J|r  -  ♦  Jjg  J 


Hie  boundary  conditions  for  the  blade  are: 


At  r  -  0  (root),  -  -kc(§c  -  §0) 

*'■«  (tip),  fl,  -  M  (^r) 

X 

where:  §c  »  collective  pitch  input  by  pilot,  rad. 

k  -  control  spring  at  collective  pitch  input  horn,  in-lb/rad. 

C 

Sow,  imposing  the  boundary  condition  gives: 


Denoting 


end  solving  (10)  and  (11 )  for  A  and  B  leads  to  the  following  general  equa¬ 
tion  for  geoaetric  blade  pitch  at  the  tip  of  the  rotor  blade,  or: 


#c"kV~r+ [(v  w}lnh1* r  [(*t  +  c0*1*1® 

coah  ljR(l-f  kT]R  tanh  T)R)  ~~ 

(12) 

The  concentrated  torque  at  the  blade  tip,  Qg,  ia  coepoaed  of  gyroscopic 
sonants*  one -engine -out  operation  Moment,  rigid  coning  moment  due  to  the 
tip  aaea,  and  centrifugal  centering  aoaent  due  to  the  tip  aaas. 
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Before  quantitatively  considering  the  torque  at  the  rotor  tip,  Qg,  Equa- 
tloe  (12)  can  tie  used  to  obtain  the  effect  of  one-  or  tvo-engine-out  opera¬ 
tion  on  the  gaoastric  pitch  at  the  blade  tip  aa  follows: 


*im 


slab  TJR  .  cosh  TO 

"W**  K 


InSFT 


She  blade  pw—wtcri  of  interest  are: 

QJ  -  6.5(10^)  lb-in2  (effective) 

R  -  672  in. 

*  **  lb-in-sec2  (per  in. ) 

O  *  11.6  rad/ sec.  (nominal  hovering  rotor  speed) 
x  -  0  (balanced  blade) 


«oao  •  superfluous  since  x  *  0 


Therefore: 


-  0.00022 

\  -  0 
T)R  -  0.150 

einh  T|R  -  0.1506 
cosh  T|R  *  1.0113 
tanh  1)R  «  0.1U69 

k  . 

c  c 

1  .  1.0113 

aeR  v&zm  *  ~ir* 

%  -  x.o^  ;B53S 


000223  per  in. 


red. 

Tn3E7 


Or,  expressing  0R  in  degrees, 

»*„  1587*56  + 

■  1.011 j7?m 


deg. 
in -ib. 


lbs  rigid  coning  and  centrifugal  centering  torques  at  the  blade  tip  are 
functions  of  the  tip  mass  location  with  respect  to  blade  feathering  axis 
and  the  mass  moments  of  inertia  and,  hence,  will  not  change  with  engine 
turbine  speed.  The  gyroscopic  torque  and  torque  due  to  vertically  dis¬ 
placed  engine  thrust  with  one  engine  inoperative  are,  therefore,  the  only 
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concentrated  torque  change*  involved  for  engine  failure  conditions.  The 
torque  change  caused  by  the  three  possible  types  of  engine  failure  ere  as 
follows: 

Two  Baglas*  Inoperative: 

AQg  «  +21  ^  «  +2(1.67)(2120 )(11.6)  -  +82,100  in -lb. 
htnrcr  Engine  Inoperative: 

AQg  -  +1^0  -  hTg  -  +1.67(2120 )U.6  -  15.5(1010) 

AQg  -  +  27 >00  in-lb. 

Upper  Baglne  Inoperative: 

«  +1^2  +  hTg  -  +1.67(2120)11.6  +  13.5(1010) 

As,  »  +54,700  in* lb. 

where;  I_  «  nsss  moment  of  inertia  of  engine  rotating  parts,  -  1.67 
B  in -lb- sec2  per  engine. 

m  rotational  speed  of  engine  rotating  parts,  *  20,250  r.p.a. 
(reference  Table  4). 

2  •  nominal  hovering  rotor  speed  -  11.6  rsd/seo . 

h  «  vertical  displacement  of  tip  engines  from  the  blade  chord 
line,  -  *13.5  in. 

T.  -  engine  thrust  required  to  Maintain  nominal  hovering  tip 
speed,  -  1010  lb.  per  engine  (reference  Table  4). 

Solving  for  blade  tip  geometric  pitch  change,  A°_,  versus  root  control 
spring  stiffness,  kc,  results  in  the  data  presented  in  Table  2  and  plotted 
in  Figure  13. 


TABLE  2 

ENGINE  FAILURE  EFFECTS  ON  BLASE  WIST 

Control 

Blade  Tip  Pitch  Change 
(Degrees) 

AeR 

Stiffness,  kc 

EgSSPJtJjSj 

(in -lb/rad, ) 

107 

+0,483 

♦0,161 

+0.322 

.488 

.165 

.325 

.529 

.177 

.353 

10' 

.955 

.312 

.622 

106 

4,265 

1,424 

2,842 
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It  is  obvious  froa  figure  13  that  a  control  spring  st if these,  k  In  ex¬ 
cess  of  lCr  inch -pounds  per  radian  results  in  a  negligible  difference  in 
pitch  change  at  the  blade  tip  froa  that  which  would  occur  if  the  control 
spring  Is  infinitely  stiff.  She  studies  is  Reference  1  were  conducted 
using  k  *  K r  inch-pounds  per  radian  which  resulted  in  desirable  dynaaie 
characteristics  of  the  rotor  blades,  this  value  of  control  spring  stiff¬ 
ness  for  the  blade  pitch  aechanlsn  is  chosen  as  the  design  goal. 

In  order  to  evaluate  vertical  roughness  of  the  helicopter  caused  by  an 
engine  failure,  it  la  conservative  to  assuae  that  both  engines  on  oue 
blade  beccNne  inoperative  and  that  all  other  engines  are  kept  operative 
so  as  to  aalntain  s  condition  of  dlasy—itry. 

It  will  be  assumed  that  mat  of  the  torsional  deflection  of  the  blade 
changes  the  apparent  twist  of  the  blade  and  that  the  root  geonetrlc 
pitch  does  not  change,  this  is  vary  closely  the  esse  with  such  a  stiff 
root  spring.  5fce  rotor  thrust  developed  by  a  hovering  helicopter  can  be 
simply  written  as  follows: 

-i  —  »,*[(£Mt)v(£k]  <*> 

where:  , 

p  *  eta  lewd  air  density,  .000378  slugs/ ftr 
a  *  blade  section  lift  curve  slope,  5.73/rad. 
b  *  maker  of  blades 
c  “  blade  chord,  6.5  ft. 

X  »  rotor  radius,  56  ft. 

Vf  *  hovering  tip  speed,  650  f.p.s. 

B  *  tip  loss  factor;  use  B  *  1  for  simplicity 
X  *  induced  inflow  angle,  rad. 

8q  *  collective  pitch  at  blade  root,  rad. 

*  blade  twist,  -10  deg. 

Solving  for  the  thrust  of  one  blade  (b  *  l)  and  noting  that  by  defini¬ 
tion 


it  can  be  shown  that 

Vl  ‘  "T55T  +  24***T  *  "  i^Z°S  *  3-9SacsBi0  ♦  lWaoi**T] 

Differentiating  to  find  the  thrust  change  (per  blade)  per  unit  change  is 
blade  twist,  8^,  gives: 
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T 


pacHVf, 


2 


T 


[*• 


t 


JSL 


9*2e2+  192*c«B0 


lUMlCKfie. 


•] 


(16) 


Using  •  •  l6  degree*  (Reference  Sable  4)  and  substituting  the  parameters 
4e  fined0 fbr  Sqeation  (15)  gives: 


261,940 


1 


1199,160' . 


♦  196,550  «>/»*. 


Since  from  Sable  2  the  effective  change  of  blade  twist  due  to  both  en¬ 
gines  Inoperative  on  ooe  blade  tip  should  not  exceed  +0.529  degrees,  the 
change  of  lift  on  the  blade  which  supports  the  Inoperative  engines  is: 


A2b-1  “  +196,35°(^|2)*  *1810  lb. 


this  value  of  lift  change  Is  conservative  due  to  the  simplifying  aseiasp 
tlon  that  tip  loss  Sector,  5,  equals  1.0  instead  of  a  aore  conventional 
value  such  as  0.97. 

The  consequence  of  this  lift  change  on  one  of  the  fbur  blades  can  quali¬ 
tatively  be  seen  to  cause  an  out  of  track  condition'  since  the  tip  path 
of  this  "unfrowered"  blade  will  be  above  the  tip  paths  of  the  teas  Yroerad" 
blades  when  viewed  at  any  constant  aslautb  position.  The  dynamic  effect 
of  this  condition  on  helicopter  roughness  is  considered  to  be  no  More 
severe  than  out-of-track  conditions  encountered  on  other  snsller  hall* 
copters, 

4.4  Mechanical  Instability 

Aside  from  the  obvious  advantages  of  designing  rotor  blades  so  that  their 
natural  frequencies  do  not  coincide  with  airload  harmonica  which  would 
aaqpllfy  rotor  bled*  stress  levels,  It  Is  also  advantageous  to  design  the 
rotor  blades  so  that  their  first  ln-plaas  rotating  natural  frequency  is 
above  one  cycle  per  revolution  of  the  aaln  rotor.  Tbit  design  criterion 
will  permit  avoidance  of  tbs  mechanical  Instability  known  as  ground  reso¬ 
nance  without  the  use  of  blade  dealers  which  can  add  undue  sspty  weight 
to  d  helicopter , 

Sffbrts  were  weds  In  preUalnary  design  studies  to  achieve  a  first  in* 
plane  rotating  natural  frequency  of  1*38  at  nominal  hovering  rotor  speed* 
The  flapwise-chordwiss  coupling  phenomenon  evaluated  in  Asfsreaee  1,  at 
large  collective  pitch  angles,  indicated  that  It  would  be  vise  to  In¬ 
crease  the  uncoupled  in-plant  frequency  *0  that  there  would  still  be 
adequate  frequency  margin  at  high  collective  pitoh  settings  to  avoid 
ground  resonsnci*  The  in-plane  rotating  natural  frequencies  tabulated 
in  Kefbrencs  l  range  trm  1.36  cycles  per  revolution  in  flat  pitch  to 
approximately  1.13  cycles  per  revolution  for  the  blade  at  its  maximum 
collective  pitch  setting  of  13  degrees  at  0.731 . 
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1 be  om  of  tip-mounted  turbojet  engines  raises  the  question  as  to  whether 
nr  tot  the  gyroscopic  moments  at  the  blade  tip  affect  this  in-plane  fre¬ 
quency  co  ae  to  enhance  the  possibility  of  ground  resonance.  Reference 
1  presents  tabulated  frequencies  for  several  flight  conditions,  each  of 
which  Is  analysed  with  tip  engines  operating  and  not  operating.  These 
studies  showed  that  the  tip  engine  gyroscopic*  do  not  affect  the  first 
in-plane  rotating  natural  frequency.  In  addition  to  the  direct  analog 
computer  study,  an  analysis  of  the  gyroscopic  contribution  of  the  engines 
to  rotor  blade  dynamics  has  been  conducted  on  a  simplified  model  of  the 
rotor  blade*  The  method  used  Is  based  on  s  linearized,  small  flapping 
approximation  to  simplify  the  analysis. 


The  equations  of  notion  of  a  linear  dynamic  system  may  be  written  in 
matrix  form  as  follows: 


where: 


Wtil  *  Mlil  ♦  MM  -  M 

[m]  is  the  mass  matrix 

[d]  is  the  damping  matrix 

the  stiffness  matrix 

l»l  Is  the  generalized  coordinate  vector 
Jq|  is  the  generalized  force  vector 


(17) 


The  gyroscopic  damping  matrix  (commonly  called  the  gyroscopic  coupling 
matrix)  can  be  found  by  considering  the  simplified  model  of  Figure  1. 


The  rotating  parts  of  both  engines  are  lumped  into  one  gyroscopic  dish, 
which  Is  placed  on  the  end  of  a  weightless,  elastic  cantilever  bent,  as 
shown. 
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For  purposes  of  this  analysis, consider  the  following  definitions: 


h 


X,Y,Z 


GJ 


*,b 


* 

t 

°2 


-  mass  of  the  gyroscopic  disk. 

*  mass  moment  of  inertia  of  the  disk  about  an  axis  in  the 
plane  of  the  disk  (i.e.,  one  of  the  disk  diametral  axes). 

*  mass  moment  of  Inertia  of  the  disk  about  an  axis  perpendicu¬ 
lar  to  the  plane  of  the  disk  (i.e. ,  the  polar  mass  moment  of 
inertia). 

*  the  moving  axes  defined  in  Figure  3. 

®  fixed  axes  in  space. 

*  uniform  bending  stiffness  of  the  cantilever  bent  In  the  plane 
of  rotor  rotation  (i.e.,  the  chordwise  stiffness  of  the  blade) 

*  uniform  bending  stiffness  of  the  cantilever  bent  out  of  the 
plane  of  rotor  rotation  (i.e.,  the  flapwlse  stiffness  of  the 
blade). 

*  uniform  torsional  stiffness  of  the  cantilever  bent. 

=*  dimensions  which  position  the  gyroscopic  disk  with  respect 
to  the  cantilever  bent  and  the  rotor  centerline  of  rotation 
(see  Figure  3). 

*  the  angular  rotation  of  the  plane  of  the  disk  about  the  y  axis 
(i.e.,  pitching  angle),  +  nose  up. 

*  the  angular  rotation  of  the  axis  of  the  disk  about  the  x  axis 
(i.e.,  flapping  angle),  +  upward. 

*=  the  angular  rotation  of  the  plane  of  the  disk  about  the  z  axis 
(i.e.,  lead- lag  angle),  +  forward. 

=  rotor  angular  velocity. 

*  disk  angular  velocity  about  its  own  axis  of  rotation. 


Writing  the  equations  of  equilibrium  of  the  system  shown  in  Figure  3  pro 
duces  the  following  linearized  equations. 


£  forces  parallel  to  the  x  axis  at  center  of  the  disk: 
/  12EI  \  /6EI  n 


(10) 
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Z  forces  parallel  to  the  z  axis  at  center  of  the  disk: 


/ L2aEI  \ 

1  6SlZ  \ 

hrr -1 

(ir-)9-1 

l-?1) 

(19) 


Z  wisents  about  the  y  axis  at  ceDter  of  the  disk: 

(TPajRT  i 

—y -)  2  -  (1a  -  V9  *  "”4 


2 

(_T  12a  El  \  /  baki  \ 

T  *  *  Wa  * 


f  6aEI 


(20) 


£  moments  about  x  axis  at  center  of  the  disk: 

,6EI_\  /6aEI_\  /kEI 


0  /bEI  \  /baEI  \  /41I  \ 

Was  *  «x 


b 

Z  moments  about  z  axis  at  center  of  disk: 

-UBI 


of  &£I  \  / lfBJL  \ 

-  i2a2®  -  rabQix+^~“ •r’J* 


(21) 


(22) 


Equations  (l8)  through  (22)  can  be  written  in  the  matrix  form  of  Equation 
(23)  wherein  the  bending  stiffness  matrix  for  the  cantilever  bent  is 
written  separately  from  the  stiffness  matrices  involving  centrifugal 
force  and  gyroscopic  moments. 

The  total  polar  mass  moment  of  inertia,  I g,  at  each  blade  tip  is  3*3^ 
pound-inch-second2,  and  the  maximum  angular  velocity,  Qg,  these  rotat¬ 
ing  engine  parts  is  2,30k  radians  per  second;  and  so  the  gyroscopic  coup¬ 
ling  terms  in  the  damping  matrix  of  Equation  (23)  will  never  exceed  l(r 
inch-pounds  per  radian  per  second.  'Hie  structural  stiffness  terms  in 
the  uncoupled  moment  equations  (i.e.,  the  diagonal  stiffness  terms)  all 
exceed  10*  inch-pounds  per  radian. 

Bie  relative  significance  of  the  gyroscopic  coupling  terms  can  be  shown 
by  rewriting  the  three  moment  equations  using  the  operator  's'  to  denote 
a  derivative  with  respect  to  time,  d/dt,  and  expanding  the  resulting  de¬ 
terminant  in  6,  ^  and  5  to  obtain  the  characteristic  equation.  It  is 
immediately  evident  that  the  terms  which  contain  QU,  the  gyroscope  ro¬ 
tational  Bpeed,  are  small  in  conparison  with  the  structural  stiffness 
terms  and  would  not  alter  the  roots  of  the  characteristic  equation.  It 
is  thus  concluded  that  the  gyroscopic  effects  of  tip-mounted  engines  will 
not  significantly  alter  either  the  natural  frequencies  or  the  mode  shapes 
of  a  rotor  blade  which  has  the  relative  mass  and  stiffness  properties  of 
the  one  considered  in  the  subject  design. 
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k.5.  Torsional  Divergence 


Torsional  divergence  of  a  lifting  aerodynamic  surface  occurs  when  the 
rate  of  change  of  torque  from  external  sources  exceeds  the  rate  of  change 
of  Internal  torque  due  to  structural  stiffness.  A  simplified  approach  to 
torsional  divergence ,  used  In  this  report,  assumes  no  flapvise  or  in¬ 
plane  notion  of  the  rotor  blade,  whereas  a  more  detailed  approach  to  the 
problem  would  he  to  couple  the  flapvise,  in-plane,  and  torsional  motions 
of  the  blade* 


The  strain  energy  in  torsion  of  a  rotor  blade  which  is  restrained  at  the 
root  by  a  finite  control  spring  can  be  written  as  follows: 


(2*0 


where:  GJ  *  blade  torsional  stiffness,  a  furctlon  of  radial  position, 

lb*in2 

k  a  root  control  spring  stiffness,  in -lb/rad. 

C 

0_  -  pitch  at  the  blade  root 
P 

Tq  ■  torsion  at  the  blade  root,  0Q/kc 


The  potential  energy  associated  with  the  aerodynamic  lift  and  centrifugal 
centering  moments  can  be  written  as  follows: 

rR  rR 

P  -  1 1  zu.edr  *iAlTeT9T-  Al  aVdr-  |AljOpe*  (25) 

Jo  Jo  * 

where:  £ki>~  change  in  aerodynamic  lift 

e  -  distance  of  aerodynamic  center  forward  of  the  blade 
elastic  axis,  in. 

a  =  rotor  angular  velocity 

Al  »  unit  mass  moment  of  inertia  of  a  blade  section  about  a 
**  vertical  axis  through  the  section  feathering  axis,  lb* in* 
sec2/in. 

AlT  *  Tip  mass  yawing  mass  moment  of  inertia  less  the  rolling 
mass  moment  of  inertia,  lb-in«sec2 

Subscript  T  refers  to  tip  mass. 

Ths  change  in  aerodynamic  lift  on  a  section  of  rotor  blade  can  be  written: 
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1  2 
A*  ■  p  p(r^  +  v  sin  ♦ )  a0c  dr 


and  for  the  tip  mass 

A4j  *  |  p(RC  +  v  sin  ♦  )2aTAT8T 


where: 


x 

p  *  air  density,  slugs/fv 

v  *  helicopter  forward  flight  speed,  f.p.s. 
if  =  azimuth  angle 
a  =  lift  curve  slope,  per  radian 
c  ®  blade  chord,  assumed  constant 
Ay  =  reference  lifting  area  of  tip  mass 
0  =  change  cf  pitching  angle 


The  average  of  the  velocity  squared  at  a  radial  distance  r  from  the  cen¬ 
terline  of  rotation  can  he  written: 


V2  -  h  l  V*2* 

V2,  Ap 


2  2 

2r2v  sln^r  +  v  sin  ^r)  d$ 


Therefore : 

A1  -  |pacv|  (x2  +  i~)6dr 
1  2  u2 

AiT  =  2  pyTvT'(i  +  \)  eT 


(26) 


where:  x  =  r/R 

V^,  =  rotor  tip  speed,  f.p.s. 

A  torsional  deflection  curve  for  the  blade,  as  well  as  radial  distribu¬ 
tions  of  torsional  stiffness  and  blade  inertia  properties, must  be  assumed. 
Assume  that: 

0  *  %  +  WT  6ln  I? 

/  “  GJp  \ 

GJ.CJo-(-°H  J)  r  *  0J„(1  -  V) 

Alp  ■  AlPo-(  *  AlPo<1  -  V> 

Where;  XT  =  1  -  GJ_,/OJ 

J  R  o 

4  ■  1  'aVAipo 
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-  wr- 


Therefore: 


de  _ 

dr  2R  T 


cos 


XX 

2 


Substituting  the  preceding  expressions  into  Equations  (24)  and  (25), 
integrating,  and  equating  the  strain  energy  to  the  potential  energy 
gives  the  following  expression  for  the  speed  at  which  torsional  diver¬ 
gence  occurs. 


k_ 

„2 


>]*  k=ReS 


♦ 


‘V2 

<1-T)Re2*|(1-^)Re-5 

Ws*?)] 

4it 

'«Tpo 

I  pacRe 

,1  U2  -2^  1,8  16.  2u  .,1  1 

(3+T)Re  +  ¥<*-7  “ 

2  ®*r  V 

)^(1^2) 

(27) 


where:  RQ  is  the  ratio  of  pitch  angle  change  at  the  blade  root  to  the 
pitch  angle  change  at  the  blade  tip. 


Several  observations  can  be  made  which  allow  Equation  (27)  to  be  greatly 
simplified . 


a)  The  advance  ratio  p  -  V/VT^  at  divergence  is  a  very  small  number  and 
the  terms  containing  p2  are  relatively  unaffected  if  p  is  assumed  to 
be  zero. 

t)  The  centrifugal  centering  terras  are  stabilizing  and  the  omission  of 
the  AIpQ£r  term  is  conservative  for  torsional  divergence  calcula¬ 
tions  . 

c)  The  ratio  a_/L,/acR  is  very  small  compared  with  other  denominator 
terms  and  can^be  omitted. 

Equation  (27)  can  then  be  reduced  to  the  following  approximation: 

t1  -  7  (1  -  7  )]  ’  8Rkc  Re 

vTd  *  - g -  (28) 

For  any  finite  value  of  kc  the  ratio  RQ  must  be  less  than  unity;  and  for 
an  infinitely  stiff  root  spring,  RQ  *  0  since  the  pitch  gt  the  blade  root 
cannot  change.  Section  4.5-2  indicates  that  for  kc  =  10°  inch-pounds  per 
radian,  which  is  the  design  value,  the  major  portion  of  the  torsional 
deflection  is  due  to  blade  twist,  and  so  R0  can  be  assumed  to  be  less 
than  0.1. 
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Using: 


GJq  =  12(10^)  lb- in2 

X  -  0.75  (Reference  Figure  5) 

«  ft 

kc  =  10  in-lb/rad. 

Re  =  0.1 

p  =  .OG£?378  slugs/ft^  (sea  level) 
a  =  5- 73  per  rad. 

c  *  *  6-5  ft. 

R  *  56  ft.  =  672  in. 


Equation  (28)  can  be  reduced  to: 


92(10  )9  +  5-MlO)9 
13,332(0.3008 )e 

!m  f.p.s. 


24 .3  (10  )6 

e 


d. 

sec 


where  e  is  dimensioned  in  inches. 


The  .x>tor  blade  which  is  proposed  for  the  heavy-lift  tip  turbojet  heli¬ 
copter  is  designed  with  most  of  the  torsion-carrying  material  forward  of 
the  semi chord,  and  the  shear  center  is  estimated  to  be  slightly  forward 
of  the  blade  quarter  chord.  Since  pure  torsional  divergence  cannot  occur 
if  e  is  negative,  it  is  doubtful  that  there  is  a  finite  torsional  diver¬ 
gence  tip  speed  since  the  aerodynamic  center  for  an  NACA  001 5  airfoil 
section  is  nominally  taken  at  either  the  24- or  25-percent- chord  point. 

If  the  shear  center  were  located  as  far  aft  as  50  percent  of  the  chord, 
the  torsional  divergence  tip  speed  would  still  be  safely  above  the  design 
tip  speed. 

The  static  stability  of  the  subject  rotor  design,  including  the  effects 
of  in-plane  and  out-of -plane  bending,  is  further  assured  as  a  result  of 
the  analog  computer  simulation  described  in  Reference  1.  This  simulation 
included  in-plane  and  out-of-plane  conditions  (i.e.,  2.5g  pullup)  which 
result  in  the  highest  in-plane  and  out-of-plane  def  ections.  If  static 
instability  were  present  in  the  rotor,  it  would  have  become  evident  dur¬ 
ing  these  studies. 

4.6  Special  Dynamic  Considerations 

There  are  two  dynamic  considerations  worthy  of  discussion  which  are 
peculiar  to  the  large  tip  turbojet  helicopter.  One  of  these  concerns  the 
very  low  design  rotor  speed  and  the  possibility  of  Inadvertent  cycling  of 
the  controls  so  as  to  excite  the  first  cyclic  in-plane  mode  of  the  rotor 
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blades.  The  second  consideration  involves  sling  suspension  of  the  cargo 
and  its  possible  dynamic  consequences. 

4.6.1  Cyclic  Stick  Whirl 

Reference  1  points  out  the  fact  that  it  is  well  within  pilot  capability 
to  cycle  the  controls  at  such  a  frequency  as  to  excite  the  first  cyclic 
in-plane  mode  of  the  rotor  blades  and  cause  high  in-plane  bending  moments . 
Yor  the  case  considered  in  Reference  1,  the  first  cyclic  in-plane  frequency 
is  1.247  cycles  per  revolution  in  the  rotating  system  and,  hence,  0.247 
cycles  per  revolution  in  the  nonrotating  system  at  the  cyclic  control 
stick.  This  relationship  of  rotating  frequency  less  one  cycle  per  revo¬ 
lution  equalling  the  frequency  in  the  nonrotating  system  is  immediately 
obvious  when  one  considers  that  a  steady  cyclic  pitch  input  by  the  pilot 
causes  a  one-cycle-per-revoluticn  input  of  cyclic  pitch  to  the  blades. 

For  a  nominal  hovering  touOt  speed  of  11.6  radians  per  second  (*  1.846 
cycles  per  second),  it  is  seen  that  a  rotary  motion  of  the  cyclic  pitch 
control  of  0.247(1.846)  =  0.46  cycles  per  second  will  excite  the  first 
in-plane  mode. 

It  is  concluded  that  the  avoidance  of  cyclic  stick  whirl  by  the  pilot 
cannot  logically  be  assumed  even  though  the  phenomenon  is  recognized  as 
undesirable,  and  so  the  peak  in-plane  bending  moments  shown  in  Reference 
1  must  be  considered  for  rotor  blade  design. 

4.6.2  Sling  Load 

Reference  5  considers  the  useful  load  (cargo)  to  be  secured  to  the  heli¬ 
copter  fuselage  so  that  the  cargo  mass  is  merely  considered  to  be  added 
fuselage  mass  for  helicopter  stability  calculations.  It  is  also  envi¬ 
sioned  that  the  cargo  mass  could  be  carried  on  a  sling  suspended  below 
the  helicopter  as  shown  in  Figure  4. 


Figure  4.  Cargo  Sling  Load. 
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The  linearized  equations  of  motion  of  Reference  3  for  a  hovering  helicop¬ 
ter  have  been  altered  to  include  the  sling  load, and  the  frequency  results 
of  this  study  verify  that  the  cargo  and  sling  behave  like  a  simple  pendu¬ 
lum.  The  sling  length  was  varied  fro®  l6  feet  to  200  feet  with  a  cargo 
weight  of  24 ,000  pounds,  and  the  frequency  of  the  slung  cargo  was  found 
to  vary  between  1.3  radians  per  second  to  0.4  radians  per  second  for  the 
sling  lengths  noted.  Thus,  there  is  little  chance  that  the  sling  length 
will  ever  be  short  enough  to  produce  frequencies  which  approach  the  rotor 
blade  natural  frequencies;  and  therefore,  it  is  concluded  that  a  conven¬ 
tional  sling  load  will  not  affect  the  dynamics  of  the  rotor  blades. 

4.7  Rotor  Blade  Flutter 

A  study  of  rotor  blade  flutter  and  dynamic  response  characteristics  has 
been  conducted  and  is  completely  documented  in  Reference  1.  This  study 
was  conducted  for  the  purpose  of  determining  rotor  parameter  variations 
on  flutter  as  well  as  to  evaluate  the  effect  of  tip-mounted  turbojet  en¬ 
gines  on  blade  dynamics. 

So  that  the  effects  of  rotor-induced  inflow,  blade  deflection,  and  col¬ 
lective  pitch  could  be  included  in  the  variation  of  parameters,  four 
flight  conditions  were  assumed.  Ifcese  conditions  are  as  follows: 

a)  lg  hover  at  WG  =  71,680  lb. 

b)  2.56  vertical  acceleration  at  WQ  =  71,680  lb. 

c)  Maximum  vertical  rate  of  climb  at  WG  =  71,680  lb. 

d)  Minimum  collective  pitch  (9  =  -5  deg.) 

.  fpK 

Conditions  b)  and  d)  are  not  completely  realistic  flight  conditions  since 
the  rotor  cannot  develop  2.5g  of  thrust  in  hover,  nor  will  the  collective 
pitch  limit  be  less  than  zero  degrees  at  0.75R*  These  conditions  are 
included,  however,  since  they  represent  conservative  boundary  conditions 
for  positive  and  negative  inflow.  Figures  12  and  13  present  estimated 
curves  of  blade  deflection  and  rotor  inflow  velocity,  respectively,  for 
the  four  conditions  under  consideration,  and  Table  4  defines  collective 
pitch  settings,  turbojet  engine  thrust,  and  turbine  speed  (r.p.ra. )  for 
each  condition.  Figures  5  and  6  present  the  stiffness  and  mass  data  that 
are  required  for  the  flutter  study.  Some  of  the  pertinent  data  which  are 
held  constant  throughout  the  study  are  ar  follows: 

a  =  rotor  angular  velocity,  11.62  rad/sec. 

=  blade  twist,  -10  deg. 

R  -  rotor  radius,  56  ft,. 

aQ  =  precone  angle,  1.2  deg. 

-  tip  weight,  1,200  lb.  per  blade 

Tip  engine  mass  properties 

Or'nlwise  center  of  gravity,  0.25c 
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The  par  Barters  which  were  varied  during  the  study,  and  the  ranges  of 
variation,  are  as  follows: 


7  7 

kc  *  root  control  spring  stlffhess,  5*  10  to  15*10  in-lb/ red. 
■  delta  three  angle,  0  to  45  deg. 

*  turbine  (engine)  speed,  -66,000  to  +66,000  r.p.m. 
c  =  blade  chord,  5*5  ft.,  6.5  ft. 


Shear  center,  0.20c  to  0.25e 

Tip  mass  chordwise  c.g.,  O.lcc  to  0.28c 

Flapwise  El  of  rotor  blade 
Chordwise  El  of  rotor  blade 
Weight  distribution  of  rotor  blade 


Compatible  with 
blade  chord,  c 


The  rotor  blade  simulation  and  direct  analog  computer  circuitry  are  ex¬ 
plained  in  detail  In  Reference  1  and  are  not  repeated  here.  The  method 
used  to  evaluate  the  stability  of  each  configuration  tested  Is  also  docu¬ 
mented  in  Reference  1,  but  will  be  repeated  here  to  aid  in  the  interpre¬ 
tation  of  those  curves  which  are  taken  from  Reference  1  and  reproduced 
herein  for  convenience. 


The  aerodynamic  damping  for  each  rotor  blade  configuration  and  natural 
frequency  is  obtained  by  driving  the  analog  computer  circuit  with  an  oscil¬ 
lating  voltage  source.  The  drive  point  is  selected  to  give  large  response 
In  the  desired  mode  and  small  response  in  the  other  modes.  The  mode  fre¬ 
quency  is  determined  as  the  frequency  at  which  the  drive  current  is  a  min¬ 
imum  (corresponding  to  minimum  force  for  a  given  drive  velocity).  The 
damping  is  determined  from  the  shape  of  the  current  versus  frequency  curve 
near  the  resonant  frequency.  The  damping  factor,  G,  is  numerically  equal 
to  twice  the  per-unit  critical  damping  factor,  Q  .  Because  inherent  damp¬ 
ing  exists  in  every  analog  computer  circuit,  each  rotor  blade  configura¬ 
tion  was  tested  both  with  and  without  aerodynamics  so  that  the  damping 
due  to  the  analog  circuitry  could  be  subtracted  from  the  total  damping 
to  yield  only  that  damping  which  is  attributable  to  aerodynamics. 

No  attempt  has  been  made  in  Reference  1  to  add  structural  damping  to  the 
rotor  blade  simulation,  and  so  a  value  is  assumed  for  discussion  purposes 
only.  It  is  not  uncommon  to  achieve  structural  damping  factors  off-  .015 
(per-unit  critical  damping)  in  dynamic  systems  which  are  constructed  en¬ 
tirely  of  metallic  components  as  is  the  tip  turbojet  rotor  blade.  Based 
on  the  assumption  that  f  B  =  ,015  for  this  rotor  blade,  then,  the  struc¬ 
tural.  damping  Is  assumed  to  be 

GB  -  2  C  *  .05  (structural  damping) 

D  B 

Before  discussing  the  effect  of  variation  of  parameters  on  blade  flutter, 
it  is  veil  to  note  that  the  only  mode  of  vibration  which  has  negative 
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aerodynamic  damping,  using  the  nominal  blade  parameters ,  is  the  second 
cyclic  mode  for  the  2-5g  hover  condition  and  the  maximum  nega'  ve  collec¬ 
tive  pitch  condition.  Aside  from  the  fact  that  the  assumed  structural 
damping  is  more  than  adequate  to  sake  this  mode  stable,  it  is  pointed 
out  that  these  two  conditions  are  cot  realistic,  as  was  mentioned  previ¬ 
ously  .  The  lg  hover  and  maximum  vertical  climb  conditions  have  no  un¬ 
stable  modes,  even  excluding  structural  damping. 

The  influence  of  root  control  spring  stiffness,  kc,  on  blade  flutter  is 
best  shown  for  the  second  cyclic  and  second  collective  modes,  the  only 
modes  for  which  aerodynamic  damping  becomes  more  negative  (destabilizing) 
with  increasing  control  spring  flexibility.  The  2.5g  hover  condition  is 
shown  since  the  aerodynamic  damping  is  most  destabilizing  for  this  condi¬ 
tion.  Figure  14  points  out  the  need  for  a  control  spring  stiffness  at 
least  equal  to  the  blade  torsional  stiffness  to  avoid  flutter  if  the 
structural  damping  factor  is  assumed  to  be  .03  as  previously  discussed. 
This  requirement  is  easily  met  since  the  design  goal  at  present  is  for 
a  stiffness  ratio  of  10:1  (flexibility  ratio  of  1:10). 

The  effect  of  the  tip  weight,  chordwise,  center-of-gravity-position  is 
also  shown  in  Figure  Ik.  It  is  apparent  that  an  extreme  travel  of  the 
tip  weight  center  of  gravity  either  fare  or  aft  on  the  blade  does  not 
affect  all  modes  in  the  same  way.  Whereas  the  second  collective  mode  is 
more  stable  for  an  aft  tip  weight  center  of  gravity,  the  second  cyclic 
mode  is  more  stable  for  a  forward  center  of  gravity  location.  Present 
design  calls  for  a  tip  weight  center-of-gravity  placement  at  the  22-per- 
cent  chord  point  and  so  a  compromise  is  affected  for  both  modes. 

A  variation  of  6-  angle  (pitch-flap  coupling)  affects  only  the  second 
cyclic  mode  adversely  and  results  in  the  largest  negative  aerodynamic 
damping  for  the  2-56  hover  condition.  Figure  15  shows  the  effect  of  in¬ 
creasing  &*  angle  on  aerodynamic  damping  for  this  mode.  Assuming  a  struc¬ 
tural  damping  factor  of  .03  guarantees  avoidance  of  flutter  for  5,  angles 
up  to  45  degrees.  Present  design  shows  no  advantage  to  pitch-flap  coup¬ 
ling  angles  approaching  U5  degrees,  and  so  the  present  design  calls  for 
a  angle  of  10  degrees. 

Hie  effect  of  chordwise  location  of  the  blade  elastic  axis  is  also  shown 
in  Figure  15.  The  tendency  toward  a  more  stable  dynamic  system  for  a 
more  forward  elastic  axis  is  indicated  both  from  Figure  15  and  elsewhere 
in  Reference  1,  at  least  for  the  second  cyclic  mode.  The  other  modes  are 
not  of  immediate  interest  since  they  all  possess  positive  aerodynamic 
damping  when  using  nominal  blade  parameters.  The  elastic  axis  for  the 
existing  blade  design  is  estimated  to  be  forward  of  the  quarter  chord 
and,  hence,  in  the  proper  location  to  reduce  the  aerodynamic  instability 
of  the  second  cyclic  mode. 

The  rotational  speed  and  direction  of  turbine  rotation  of  the  tip-mounted 
engines  is  concluded  to  have  a  negligible  effect  on  blade  flutter  in  Ref- 
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erence  1.  The  general  trend  Is  for  turbine  rotation  in  either  direction 
to  increase  the  damping.  For  the  modes  where  this  generalisation  does 
not  apply,  the  change  in  aerodynamic  damping  up  to  maximum  turbine  speed 
in  either  direction  is  less  than  AG  «  -.004  when  using  nominal  rotor 
blade  properties. 

The  Influence  of  blade  chord  (or  blade  aspect  ratio)  on  flutter  was  not 
systematically  investigated  through  a  range  of  dimensions  since  subtle 
Changes  in  hlade  stiffness  and  distributed  weight  must  accompany  changes 
in  chord  in  order  to  be  realistic.  As  an  alternative  procedure,  however, 
the  estimated  rotor  blade  parameters  for  a  5.5- foot-chord  blade  and  a  6.5- 
foot -chord  blade  were  calculated  and  the  aerodynamic  damping  factors  com¬ 
pared  for  similar  flight  conditions.  'Table  3  presents  a  comparison  of 
the  aerodynamic  damping  factors,  G,  for  the  lg  hover  and  2.5g  hover  con¬ 
ditions.  These  cases  are  chosen  since  they  all  have  shear  centers  lo¬ 
cated  at  0.25  chord  and  tip  weight  center-of-gravlty  locations  at  0.22 
chord.  All  other  variables  such  as  control  spring  stiffness,  5,  angle, 
engine  turbine  speed,  rotor  speed,  tip  weight,  and  blade  twist  are  the 
same  for  all  cases.  Those  variables  which  are  Influenced  by  rotor  solid¬ 
ity,  such  as  collective  pitch,  have  been  calculated  for  each  case. 


TABLE  3 


BLADE  CHORD  HITLUENCE  ON  AERODYNAMIC  DAMPING 


Aerodynamic  Damping  Factor,  G 

Made 

lg  Hover 

2.5«  Hover 

c  -  5-5  ft. 

C  *  6.5  ft. 

c  »  5.5  ft. 

c  -  6.3  ft. 

1st  cyclic 

•30U 

a 

.307 

a 

2nd 

-.004 

.030 

0 

-.014 

3rd 

•079 

.116 

.075 

.109 

4th 

.045 

.018 

.027 

5th 

a 

.009 

a 

6th 

m  _ 

.029 

,l40 

.012 

1st  collective 

.288 

a 

.324 

a 

2nd 

.079 

.120 

.070 

.096 

3rd 

-.002 

.028 

.020 

.015 

4th 

.005 

.257 

.015 

.238 

5th 

♦ 

•  073 

a 

.064 

6th 

122 

.035 

.013 

.002 

♦  Not  available  in  Reference  1. 


The  6. 5- foot-chord  hlade  has  more  aerodynamic  damping  for  every  mode  ex¬ 
cept  the  sixth  cyclic  for  the  lg  hover  condition  and  has  more  damping  for 
every  mode  except  the  second  cyclic,  sixth  cyclic,  and  sixth  collective 
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for  the  unrealistic  2. 5g  hover  condition.  Reference  k  states  that  for 
moderate  values  of  torsional  structural  damping  (G  *  .03),  a  design  flut¬ 
ter  parameter  (ecu  /2a)  In  excess  of  0.3  should  guarantee  flutter- free 
operation.  In  this  expression,  c  ®  blade  chord,  *  first  nonrotating 
torsional  natural  frequency,  a  =  speed  of  sound  at  sea  level.  Bits  de¬ 
sign  flutter  parameter  varies  directly  with  blade  chord  and  supports  the 
conclusion  drawn  from  Table  3  that  the  larger  chord  blade  provides  more 
aerodynamic  damping  for  a  majority  of  modes. 

Bie  Influence  of  a  blade  root  flapwise  stiffness  (El)  buildup  on  aerody¬ 
namic  damping  for  the  6. 5- foot-chord  blade  has  been  shown  in  Reference  1. 
Once  again,  the  lg  hover  and  2. 5g  hover  conditions  can  be  compared  for 
identical  blade  parameters  to  show  that  the  aerodynamic  damping  increases 
slightly  with  increasing  flapwise  El,  but  the  change  is  so  small  as  to  be 
of  academic  interest  only. 

Reference  1  presents  several  different  blade  parameter  variations  than 
are  discussed  here,  but  none  of  these  variations  indicate  a  significant 
tendency  toward  instability.  A  summary  conclusion  for  the  work  described 
in  Reference  1  indicates  that  the  rotor  blades  are  flutter- free  for  the 
nominal  four-bladed  rotor  design  proposed  in  this  report. 


TABLE  4 

ROTOR  OPERATING  DATA 

1 

Condition 

Collective 
Pitch  at  0.75R 

Tip  Engine 
Thrust* 

Tip  Engine 
Speed 

lg  hover 

+8.5  deg. 

2,020  lb. 

20,250  r.p.m. 

2.5g  hover 

+16.5  deg. 

*3,080  lb. 

22,000  r.p.m. 

Max.  vertical 
rate  of  climb 

+13.1  deg. 

3,080  lb. 

22,000  r.p.m. 

Max.  negative 
coll,  pitch 

-5-0  deg. 

1,060  lb. 

. 

18,700  r.p.m. 

*  Total  for  two  engines. 

*  Maximum  available  thrust,  not  sufficient  to  maintain  Q  a  11.62 
rad/sec.  (Equilibrium  thrust  a  6,040  lb/ tip.) 

♦ 
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Flapvise  EH,  Torsional  GJ,  x  10  ,  lb -in' 
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Figure  5*  Rotor  Blade  Stiffbess  (El,  GJ)  Versus  Radius. 
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Fraction  of  Radius,  r/R 
(R  =  6  (2  in. ) 


Figure  6.  Rotor  Blade  Weight  and  Torsional  Inertia 
Versus  Radius. 
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Blade  Defledtion,  in 


Fraction  of  Radius,  r/R 
(R  =.  672  in. ) 

Figure  7»  Blade  Deflection  Versus  Radius. 


37 


T 


Fraction  of  Radius,  r/R 
(R  =  672  in, ) 


Figure  8,  Inflow  Velocity  Versus  Radius  . 
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0  2 

Figure 


4  6  0  10  12  14 

Rotor  Speed,  n,  red/sec. 

9*  Flapviee  Uncoupled  Frequency 
Versus  Rotor  Speed  . 
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0  5 

Collective  Pitch  at  0,75  Rj  Deg* 

Figure  12,  Coupled  Nature]  Frequency 
VerBUB  Collective  Pitch. 
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c  Damping 


2.5g  hover 

6. 5- ft.  chord  -  stiffened  root 


Figure  Ik,  Aerodynamic  Damping  Versus  Control  Spring  Flexibility. 
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